Respiratory-associated rhythmic firing of midbrain neurones in cats: relation to level of respiratory drive. by Chen, Z et al.
Journal of Physiology (1991), 437, pp. 305-325 305
With 1O figures
Printed in Great Britain
RESPIRATORY-ASSOCIATED RHYTHMIC FIRING OF MIDBRAIN
NEURONES IN CATS: RELATION TO LEVEL OF RESPIRATORY DRIVE
BY ZIBIN CHEN, FREDERIC L. ELDRIDGE AND PAUL G. WAGNER
From the Departments of Physiology and Medicine, University of North Carolina,
Chapel Hill, NC 27599, USA
(Received 29 August 1990)
SUMMARY
1. We recorded phrenic nerve activities and single unit firing of mesencephalic
neurones in unanaesthetized supracollicularly decerebrated, paralysed and ven-
tilated cats, in which vagi and carotid sinus nerves had been ablated. We made these
measurements first at low levels of respiratory drive associated with normal PC02
levels, then with increased respiratory drive and levels of phrenic activity produced
by hypercapnia or by carotid sinus nerve stimulation.
2. We found that at least a quarter of the neuronps i the central tegmental field
of the mesencephalon, which were irregularly tonic or silent at low respiratory drives,
developed a rhythmic increase of firing associated with each respiration. There
appeared to be a threshold at about 50% of maximum respiratory activity, below
which the respiratory-associated rhythm did not occur. Above this level, neuronal
firing increased in graded fashion with increasing magnitude of respiratory activity.
The latency from onset of phrenic activity to onset of increased neuronal firing was
quite long (1X0 s) at drives just above the threshold but shortened to as little as 0 3 s
as drive increased towards its maximum.
3. Cutting the spinal cord at C1-02 had no effect on the ability of increased
respiratory activity to generate a respiratory-associated rhythm in mesencephalic
neurones.
4. Short-lasting anaesthesia with the agent Saffan caused mesencephalic neurones
to lose the respiratory-associated rhythm with little change in phrenic activity and
no change in respiratory cycle timing.
5. We also found a mesencephalic response to ventilator-induced chest expansion.
The latency of the response from onset of expansion, indexed by fall of airway PC02,
to onset of neurone firing was shorter (0-2 s) than that found with the respiratory-
associated rhythm. In seventeen neurones we found both the respiratory-associated
rhythm and the independent ventilator-associated rhythm.
6. We interpret our findings to show that the respiratory-associated rhythmic
firing of midbrain neurones is not primarily involved in generation or modulation of
the motor function of the respiratory oscillator. We believe, instead, that these
neurones are part of a sensory pathway conveying information about the magnitude
of central neural respiratory drive, as well as spinally transmitted information from
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receptors in the chest wall, to thalamus and cortex. We suggest that the sensation
ultimately generated may be that of 'air hunger' or dyspnoea.
INTRODUCTION
It is well known that no part of the brain above the pons is essential for the
generation of respiratory rhythm. Although it can be easily shown that intrinsic
mechanisms and experimental stimulation of suprapontine brain can affect the
motor function of respiration (Hugelin, 1986), it has been shown that normal
breathing patterns and responses to chemical and other stimuli persist after
decerebration at the level of the inferior colliculi (von Euler, 1986).
Nevertheless, some neurones in mesencephalon (Vibert, Caille, Bertrand, Gromysz
& Hugelin, 1979; Orem & Netick, 1982), thalamus (Vibert et al. 1979) and
hypothalamus (Kastella, Spurgeon & Weiss, 1974) have been reported to have a
rhythm that is linked to that of respiration. It is not certain how many such neurones
exist; few have been found in anaesthetized preparations. Vibert et al. (1979)
recorded phrenic activity and neuronal activity in the rostral pons, mesencephalon
and diencephalon in fifty-five unanaesthetized, paralysed, normocapnic cats in which
vagotomies and C6 spinal cord sections had been performed. They reported that
38 5% of 11 247 neurones showed increased activity related to respiration, as judged
by computer analysis which generated a 'respiratory modulation index' (RMI)
(Bertrand, Hugelin & Vibert, 1973).
On the other hand, Netick & Orem (1981) published a criticism of the RMI and
concluded that the high incidence of respiratory activity reported by Vibert et al.
(1979) was based on a faulty statistic and was highly questionable. In a subsequently
reported study of their own, Orem & Netick (1982) attempted to record respiratory-
related activity in midbrain neurones in three chronically instrumented, tra-
cheostomized cats during resting wakefulness and sleep. They were unable to find in
781 neurones any respiratory-related activity by oscilloscopic monitoring or by
auditory means. In 281 single neurones that were analysed statistically, only three
had a relation to breathing that excluded the possibility of false positive error, and
these were only intermittently respiratory.
We became interested in this question because of observations we made during the
recording of mesencephalic neurones in a study that was being performed for another
purpose in unanaesthetized, decerebrate, paralysed cats. We found that some
neurones, which were irregularly tonic during control conditions when Pco, was low
and phrenic activity small, developed a rhythm closely associated with respiration
when respiratory activity had been increased by electrical stimulation of a carotid
sinus nerve. The rhythm was obvious by both sight and sound. The rhythmic
activity disappeared and the neurones returned to their tonic state some time after
cessation of the stimulus when respiratory activity had decreased toward its original
level.
The purpose of the present study was to reinvestigate systematically the basic
question of incidence, location and characteristics of respiratory-associated activity
in mesencephalic neurones, to attempt to elucidate its source, and to show any
relation with the level of neural respiratory activity, or 'drive'.
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METHODS
Experiments were performed on twenty-two adult cats which weighed between 2-8 and 4-4 kg.
They were anaesthetized first with ether. The trachea was cannulated through a neck incision.
Temperature was monitored with a rectal thermistor and servo-controlled at 37-5 0C by means-of
an electronic circuit and DC heating pad. End-tidal Pco was continuously sampled through a
catheter placed in the trachea and measured by means of an infra-red C02 analyser (Beckman LB-
2).
Following these preparations, the animal was placed on a table equipped with a rigid head
mount. Catheters were inserted into a femoral vein and into a femoral artery for the measurement
of arterial blood pressure by means of a strain gauge. Both vagosympathetic trunks were cut in the
neck and the common carotid arteries were ligated to reduce blood loss during decerebration.
In twenty-one animals, still anaesthetized with ether, the skull anterior to the tentorium was
removed and the dura opened. A supracollicular decerebration was accomplished by suction-
removal of the entire forebrain including the diencephalon. The collicular surface of the midbrain
was visualized. Bleeding was controlled by local application of Avitene and Gelfoam. Once the
forebrain had been removed no additional anaesthesia was given. In three of these animals, the
upper cervical spinal cord segments were also exposed by removing the vertebrae overlying them,
so that subsequent transection of the spinal cord at C1-02 could be performed.
In one cat the experiment was performed, rather than with a decerebration, under long-lasting
anaesthesia induced by chloralose (30 mg kg-') and urethane (200 mg kg-') given intravenously.
All animals were paralysed with gallamine triethiodide, 3 mg kg-' i.v. initially, followed by a
continuous infusion at the rate of 3 mg kg-' per hour to maintain paralysis and ventilated with
100% 02 using a volume-cycled ventilator. When it was appropriate to keep end-tidal and arterial
Pco constant, the ventilator could be servo-controlled to maintain end-tidal C02 pressure (PETCO2)
within a narrow range around any desired level (Smith, Mercer & Eldridge, 1978).
Thereafter, the animal was placed in a stereotaxic head holder in the supine position. Carotid
sinus nerves (CSN) were exposed bilaterally and crushed near the carotid bodies. One was then
placed on a bipolar platinum stimulating electrode. The right phrenic nerve root (C5) was exposed
in the neck, cut, desheathed, and placed on a bipolar platinum recording electrode. In the three
animals in which the spinal cord was to be transected at C1-02 later in the experiment, a
hypoglossal nerve was also exposed, desheathed and placed on a recording electrode. Nerves and
electrodes were immersed in a pool of mineral oil.
We searched for extracellular activity of mesencephalic neurones with stainless steel
microelectrodes (#5715, o.d. 0O01 in, 12 MCI at 1000 Hz; A-M Systems, Inc., Everett, WA, USA).
So that we could maintain stable the effects of stimulating the CSN and the recordings from phrenic
and hypoglossal nerves, we kept the animals in the supine position throughout the experiments. To
do this we raised the animals off the table so that there was room to mount the micromanipulator
underneath the exposed brain; thus, the microelectrode was moved upward from the brain surface
to enter deeper structures. The setting on the micromanipulator for stereotaxic zero (Berman &
Jones, 1982) had been determined prior to placement of the animals in the stereotaxic head holder.
Experimental protocols
After all preparations had been completed, PET.C was set to about 3 mmHg above the apnoeic
threshold for rhythmic phrenic activity and the preparation allowed to become stable. Actual
initialPET C02 in the twenty-two cats was 2716 + 2-7 mmHg (± S.D.). We then searched for neuronal
activity in the mesencephalon in the region from 0 to 3 mm anterior to stereotaxic zero and from
mid-line to 4-4 mm lateral. Each dorso-ventral track went from the collicular surface to about
10 mm in depth.
Once a stable, spontaneously firing unit was found, recordings of its firing and other variables
were made and its stereotaxic location noted. If ventilator-induced movement interfered too much
with stable recording of the mesencephalic unit, we performed bilateral pneumothoraces before
proceeding. We then continued to record the same neuronal unit during variations in the level of
respiratory stimulation, or 'drive'. Respiratory 'drive' was changed in two ways: (1) the carotid
sinus nerve was stimulated continuously (pulse duration, 0 5 ms; frequency, 25 Hz) at variable
voltages (0 05 - 2 V) as needed to obtain graded increases of phrenic activity. (2) PET c could be
increased or decreased to a new steady level by adjusting the set point of the ventilator's servo-
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controller to the desired value. When short-term progressive hypercapnic stimulation of respiration
was desired, the ventilator was temporarily turned off; this method of producing hypercapnia had
the additional effect of eliminating chest wall motion and any residual ventilator-induced
movement of the mesencephalon that might be present.
As mentioned earlier and as we shall show in the results section, increased respiratory drive
caused some previously tonic mesencephalic neurones to develop periodic increases of firing rate
associated with each respiratory cycle. To evaluate this phenomenon we used several specific
protocols.
Systematic search. To determine the incidence of neurones that developed this rhythm, in the first
ten cats we searched the mesencephalic area described above; every neurone found was tested for
its response to increased respiratory drive and its location noted. In subsequent cats, only the
region that had been shown to contain respiratory-associated rhythmic neurones was searched.
Effect of spinal cord transection. In the three cats that had recordings of both phrenic and
hypoglossal activities, we first found neurones that developed rhythmic activity during increased
respiratory drive and recorded their firing along with phrenic and hypoglossal activities. Then we
transected the spinal cord at C1-C2 by means of a circular Bard-Parker blade (4# IOA), so that
phrenic activity disappeared. In one cat we were able to maintain recording of the same midbrain
neurone before and after the transection and were able to retest its response to increased
respiratory drive. Usually, we found other mesencephalic neurones and tested the effects on their
activities of increased drive. Cutting the cord led to falls of arterial pressure which were sustained
by infusions of Dextran and injections of norepinephrine. At the end of each of these experiments
we examined the region of the transection to be assured of its completeness.
Effect of short-lasting anaesthesia. In three cats, we again found mesencephalic neurones that
developed the rhythm associated with respiration when drive had been increased by either CSN
stimulation or hypercapnia, and recorded their activity along with phrenic activity. We then gave
the steroid anaesthetic, Saffan, at a rate of 0-68-1-36 mg h-1 intravenously for 1 to 3 min or until
rhythmic activity in the neurone had disappeared, and continued to record phrenic activity. We
then stopped the Saffan infusion and continued to monitor neuronal activity for the next
10-30 min or until the respiratory-related rhythm reappeared in the mesencephalic neurone. In
two of the cats, the protocol was repeated several times.
Data processing and analysis
Phrenic and hypoglossal activities were amplified, half-wave rectified and fed to a voltage-to-
frequency (V-F) converter (Vidar 240A), the output frequency of which is proportional to the
applied voltage. Integration was accomplished by counting the V-F pulses with a digital counter
(Hewlett-Packard 3525A) in 0-1 s periods throughout the respiratory cycle. This combination of
instruments is the equivalent of an integrating digital voltmeter. The advantage of this type of
integration is that averaged activity of each 0 1 s period is discrete and not subject to temporal
distortion. It has been shown that the peak value for each breath is the neural equivalent of tidal
volume of breathing (Eldridge, 1971).
Neuronal signals from the mesencephalon were amplified and displayed on an oscilloscope. A
window slope/height discriminator (Haer, Brunswick, ME. USA) was used to select spikes from
a single neurone; the discriminator then sent standard pulses representing each nerve spike to
another oscilloscope and to a recorder.
Raw phrenic and hypoglossal activities, raw neuronal activity, femoral arterial pressure, airway
P,, and stimulation markers were recorded on magnetic tape (Hewlett-Packard, Model 3955D) for
later playback and analysis. These variables, integrated phrenic and hypoglossal activities, and the
standard pulses from the window discriminator were also recorded by means of a high-frequency
8-channel analog recorder (Gould TA2000).
The peak level of electrical activity in the phrenic nerve was taken as an index of the level of
neural respiratory 'drive' in a given cat. However, the absolute activity in a given cat depends
upon a number of technical factors (Eldridge, 1975), so it cannot be used to make comparisons
among cats. To do this, we therefore scaled the phrenic values by assigning a value of 0 to phrenic
threshold and a value of 100 to the highest peak phrenic activity level achieved in each cat by any
combination of CO2 and CSN stimulation. Other values were scaled on this basis.
We quantified peak phrenic activity on a breath-to-breath basis by means of an on-line computer
(Digital PDP 11/23) during the experiment. From analog chart recordings, the phrenic and
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hypoglossal activities for each 01 s period throughout the respiratory cycle were measured by
means of a digitizing tablet (Jandel, Inc.) and appropriate software (Sigmascan, Jandel, Inc.) using
an IBM computer. The number of mesencephalic spikes in each Ol1s period was also counted by
means of the digitizer. When necessary to visualize clear separation of spikes, the tape recordings
were replayed at higher speed on the analog recorder.
The relation between phrenic and/or hypoglossal activities and neuronal spike frequency will be
presented in two ways: (1) the number of spikes and the respiratory activity in each 0 1 s period
were plotted consecutively for a number of breaths; (2) spikes and respiratory activity were
measured in each 01 s of the respiratory cycle for 6 to 12 consecutive breaths and the values for
each time bin averaged. Histograms of average integrated respiratory activity and neuronal
frequency were constructed from the data.
RESULTS
The purpose of this study was to find mesencephalic neurones, which were silent,
irregularly or tonically firing at low respiratory drive, that developed changes of
firing with a respiratory rhythm when the level of respiratory drive, reflected by the
level of phrenic activity, was high. In the one animal fully anaesthetized with
chloralose-urethane we found not a single neurone that developed rhythmic changes
despite the presence of tonically firing neurones. We did not pursue this approach
further, except with a short-acting anaesthetic agent as reported below. In contrast,
in each of the twenty-one decerebrate animals we found at least one neurone (range
1 to 14, mean 6f5) that developed the respiratory-associated rhythm when respiratory
drive was increased. Biphasic action potentials were recorded from most neurones
studied. Their peak amplitudes were at least 40-60 gV and could be varied
continuously by moving the electrode tip over 50-100 gim, indicating that most of
our recordings were from somata rather than axons.
Examples of the change of neuronal firing patterns are shown in Figs 1-3. Figure
1 shows a recording of activity of a neurone that was silent at low respiratory drive
(PET, C2 = 29-1 mmHg; Fig. IA). When drive was increased by CSN stimulation,
increased neuronal firing occurred in the post-inspiratory period or during and
following late inspiration (Fig. 1B and C). Further increase of drive led to tonic firing
of the neurone with increased frequency during and following inspirationl (Fig. LD).
Figure 2A shows a mesencephalic neurone that fired irregularly when drive was low
(PET,C2 = 27-5 mmHg), and that developed regular post-inspiratory bursts of firing
when Pco, was raised to 32-4 mmHg (Fig. 2B). Figure 3A shows another neurone with
initially irregular activity that became rhythmic with increased firing in late
inspiration and the post-inspiratory period (Fig. 3B) when CSN stimulation had
raised respiratory drive. It should be noted that rhythmic activity in this neurone
persisted, even though the CSN was no longer being stimulated (Fig. 3 C), during the
first portion of recovery when drive was still increased by the respiratory after-
discharge mechanism (Eldridge & Gill-Kumar, 1980).
Incidence and location
The systematic search of the mesencephalon, carried out in ten cats, yielded 238
neurones that fired spontaneously when Pco2 (mean 27-2 mmHg, range 225-30) and
respiratory drive were at their low starting levels. Only one of these neurones
exhibited even a suggestion of a respiratory-associated rhythm at this level of drive.
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Fig. 1. Direct recording of spikes (NS) from mesencephalic neuron (location shown on
diagram), phrenic nerve and integrated phrenic activity during increasing respiration
evoked by stimulation of carotid sinus nerve (CSN). A: control, Pco 29-1 mmHg, shows
no neuronal spikes. B, C and D: during CSN stimulation, at same Pco0, of 0O2 V, 03 V, and
0O5 V respectively. Increasing rhythmic neuronal spike activity is present.
A B
200]
Phrenic iw4m s4m 44.4-1 4





O X - - - .- -
5 s
Fig. 2. A, recording of arterial pressure (AP), phrenic nerve and integrated phrenic
activity, spikes from a mesencephalic neurone (location indicated) at end-tidal Pco2 of
27-5 mmHg. Neurone activity is irregular and minimal. B, recording during increased
respiratory drive due to increased PCo2 of 32-4 mmHg. Neurone has developed regular
respiratory-associated rhythmic firing.
However, rhythms occurred in fifty-five (23%) of the neurones when respiratory
drive had been increased by either hypercapnia or stimulation of the CSN. It should
be pointed out that we used auditory cues from a loudspeaker and visual cues from
the on-line analog recording of nerve spikes to recognize the presence or absence of
a rhythmic response to increased drive.
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The diagrams of Fig. 4 show the locations of all 354 neurones that were recorded
in the twenty-one non-anaesthetized decerebrate cats in each of three transverse
stereotaxic planes (0-1, 1P1-2 and 2 1-3 mm anterior). The right half of each plane
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Fig. 3. Integrated phrenic activity and mesencephalic neurone spikes (NS) responses to
carotid sinus nerve stimulation. A, before, Pco 30 mmHg. B, during CSN stimulation,
which causes respiratory drive to increase and respiratory-associated rhythmic neurone
activity to develop. C, 15-35 s after cessation ofCSN stimulation, at which time rhythmic
neurone firing is still present along with still increased respiratory drive due to after-
discharge mechanism.
firing with increases of respiratory drive. The left half of each plane indicates the
locations of the 135 neurones (filled symbols) that did develop respiratory-associated
rhythmic changes of firing with increases of respiratory drive. The region in which
the responding neurones lie is the central tegmental field (FTC) ofthe mesencephalon.
We have classified the neurones that developed rhythmic changes associated with
the respiratory cycle into two basic types.
Type A neurones (filled circles, Fig. 4), which showed an increase of firing during
the last part of inspiration and/or in the post-inspiratory period. Type A neurones
made up 91 % of the total positive neurones. In some of these neurones (63% of
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type A) the rhythmic behaviour occurred in every breath in a fairly consistent
manner as long as respiratory drive remained increased. Other neurones (37 % of
type A) initially developed a respiratory-related rhythm in the same way as the first
group but it did not occur in every breath or persist despite continuing high
A 2.1-3.0 mm A1 11-2.0mm
2 mm~ ~ ~ ~ ~ ~ m
~~~~~~~~~~~~~0 0
Fig. 4. Locations of 354 mesencephalic neurones recorded in 21 decerebrate cats. The
figures represent transverse stereotaxic planes from 0 to 3 mm anterior. Right sides (0):
locations of neurones that did not develop respiratory-associated changes of firing. Left
sides: locations of neurones that developed respiratory-associated rhythmic activity
during increased respiratory drive; *, represent neurones that increased their activity
(91 %/), * represent neurones that decreased their activity (9%). AQ = aqueduct,
PAG = periaqueductal gray, SCI = superior colliculus (intermediate layer), FTC =
central tegmental field.
respiratory drive. We were not able to determine whether these neurones were
fundamentally different than the first group or whether other factors that we could
not control were responsible.
Type B neurones (filled triangles, Fig. 4), which had tonic spontaneous firing and
showed rhythmic decreases of firing during the latter part of inspiration and after
each phrenic burst, the same time in the respiratory cycle that firing would have
increased in type A neurones. Type B neurones made up only 9 % of the total number
of positive neurones.
Effects of graded stimuli and increases of drive
Although there was no rhythmicity to the firing of mesencephalic neurones at the
lowest drives, increased firing associated with the respiratory cycle appeared and
progressively increased as the stimulus level and drive were progressively increased.
The example in Fig. 1 suggested a grading of the response of a type A neurone to
increasing drive evoked by stimulation of the carotid sinus nerve. Figure 5 is an
example of a more fully analysed type A neurone with spike frequencies and phrenic
activities averaged over a number of consecutive breaths at each level of drive. At
the lowest drive level, the neurone was silent (not shown). When drive was increased
slightly but was still low (PET, CO2 = 28t7 mmHg), the neurone began to fire irregularly
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with a suggestion of a rhythmic component (Fig. 5A). As respiratory drive was
progressively increased, the magnitude of rhythmic activity in the neurone also
progressively increased (Fig. 5B, C and D).
The time relations of phrenic activity and mesencephalic neurone firing were not
fixed, but also changed progressively as respiratory drive changed. This can be seen
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Fig. 5. Histograms of neurone firing rate (spikes/0.1 s) and integrated phrenic activity
averaged over 6-10 breaths in one cat, showing time relation between the two and the
effect of increasing central respiratory drive. A, irregular firing during weak CSN
stimulation (0 35 V) at PcO of 29 mmHg. B, C and D, rhythmic mesencephalic neuronal
firing evoked by progressively stronger CSN stimulation (0-4 V, 0-55 V, 09 V, re-
spectively). E, latency between onset of phrenic activity (aphr) to onset of increased
rhythmic firing of mesencephalic neurone at different respiratory drive levels, indexed by
rate of rise of phrenic activity (daPhT/dt). V depicts low drive levels that did not lead to
neuronal firing. 0 shows that increasing respiratory drive led to shorter and shorter
latencies.
in the examples in Fig. 5. When drive was low, the time (latency) from onset of
phrenic activity to onset of increased neurone firing was relatively long (1-0 s) and the
latter occurred near the peak of phrenic activity (Fig. 5B). However, as respiratory
drive progressively increased, onset of neuronal activity occurred earlier (Fig. 5C;
latency, 0-6 s) and earlier (Fig. 5D; latency, 0 3 s) in inspiration. Figure 5E shows
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also that latency from onset of respiratory activity to neurone firing decreased
progressively as respiratory drive increased, the latter indexed here by rate of rise of
phrenic activity (daphr/dt) over the first 300 ms of inspiration.
It made no difference to the graded increases of mesencephalic neurone firing
whether the stimulus to increased respiratory output was a change of Pco2 or CkSN
stimulation. Time relations between phrenic activity and the neurones were similarly
not affected by the type of stimulus. Thus, these neurones develop their rhythmic
behaviour in association with increased respiratory drive and activity rather than in
response to a specific stimulus.
Increasing drive led not only to the change of onset latency but also to
prolongation of the period of increased firing rate and to an increased minimal level
of firing, which was usually associated in time with late expiratory/early inspiratory
part of the respiratory cycle. Figure 1 shows a clear example of the gradual shift;
firing only in the post-inspiratory period (Fig. 1 B), lasting over half of the expiratory
part of the cycle (Fig. 1C), to firing that continued throughout the respiratory cycle
but with a rhythmic increase in the post-inspiratory period (Fig. 1D).
In Fig. 6 we have plotted neuronal spike rates against levels of phrenic activity,
scaled from 0 to 100, for two type A neurones, each from a different cat. In each
panel, open circles (0) indicate the maximum spike rate and filled circles (0)
represent the minimum firing rate for that level of phrenic activity. The top panel
(Fig. 6A) represents a neurone that was tonically firing even when phrenic activity
was low; variation between maximum and minimum neuronal firing for the three
lowest phrenic activity levels showed no clear relation to the respiratory cycle. At
phrenic activity levels of 50% and above, both neuronal spike rates increased, the
maximum more than the minimum; now the maximum was closely associated with
late inspiration and post-inspiration and the minimum with late expiration. The
lower panel (Fig. 6B) represents a neurone that was silent at levels of phrenic activity
below 50%. Above that level the maximum neuronal spike rate, occurring during
late inspiration and post-inspiration, increased dramatically, while minimum spike
rate remained zero until phrenic activity was very high.
We found in eight cats twenty neurones for which we had enough levels of phrenic
activity to show the average relation between it and peak neuronal spike rate. We
found that we could divide the group into neurones that remained tonic at low
respiratory drive (n = 16) and those that were silent (n = 4). The groups were similar
to the individual neurones of Fig. 6, in that both groups appeared to have a threshold
(phrenic activity level around 40-50% of maximum) below which variations of
respiratory activity had no effect on firing rate of either tonic or silent neurones.
Above the threshold, respiratory-associated rhythmic changes of neurone firing rate
appeared and variations of respiratory activity did affect firing rates of the neurones.
Some of the relatively few type B neurones also showed a graded relation between
the amount of inhibition associated with respiration and the magnitude of drive
expressed by phrenic activity. The inhibition occurred about the same time (late
inspiratory/ post-inspiratory) in the respiratory cycle as does the increase of firing in
type A neurones.
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Effect of CI-C2 spinal cord transection
The purpose of these experiments was to determine whether afferent feedback
from phrenic motoneurone pools or other peripheral spinal inputs were involved in
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Fig. 6. Relations between average spike rates and phrenic activity, shown as a percentage
of its maximum response to stimulation, in two type A mesencephalic neurones in
different cats. 0 depicts maximal firing rate within the respiratory cycle; * depicts
minimiial firinig rate. D)ata are plotted as means+ S.E.M. Neither of the neurones, one which
is tonic at low phrenic activity (panel A), the other which is silent at low phrenic activity
(panel B), showed a respiratory-associated increase of activity until respiratory activity
ha(d increased to more than 50% of its maximum.
neurones. The example in Fig. 7Aa shows a neurone that was tonic at low respiratory
drive (P)T co = 22 mmHg) and that developed type A rhythmic activity with
increased drive during CSN stimulation (Fig. 7Ab). The cutting of the spinal cord at
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rhythmic respiration as evidenced by hypoglossal nerve activity (Fig. 7B). A
mesencephalic neurone also continued, at the same high level of drive, to exhibit the
respiratory-associated rhythm (Fig. 7B).
In the three cats studied after spinal cord transection, a total of sixteen such








Fig. 7. Aa, tonic firing of mesencephalic neurone at low level of respiratory drive (Pco2
22 mmHg), indexed by integrated phrenic and hypoglossal activities. Ab, respiratory-
associated rhythmic increase of firing of neurone when respiratory drive had been
increased by stimulation of CSN. B, another neurone in the same cat that continues to
show respiratory-associated rhythmic firing after transection of spinal cord at C1-C2.
transection) was found. Furthermore, the neurones developed graded increases of
rhythmic activity when respiratory activity, now reflected by hypoglossal activity,
was progressively increased by CSN stimulation or hypercapnia. These findings
indicate that feedback from the spinal cord is not essential for the development of the
rhythmic activity in mesencephalic neurones.
Effect of short-term anaesthesia
The purpose of this experiment was to use a very low dose of a short-lasting
anaesthetic agent (Saffan) to reduce or eliminate the respiratory-associated activity
in mesencephalic neurones present when drive was high, and to determine if this had
any effect on respiratory period or its components, inspiratory duration (TI) and
expiratory duration (TE). An example is shown in Fig. 8 where control is the top
panel. Saffan (middle panel) eliminated the rhythmic component and most firing of
the neurone, which returned 10 min after stopping the Saffan infusion (bottom
panel). Despite loss of rhythmic mesencephalic activity, no major change of the
rhythmic components of phrenic activity occurred. Data from twelve such
anaesthetic infusions involving six neurones in three cats were averaged for the
control before, and during infusion of Saffan and upon recovery of rhythmic
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Fig. 8. Effect of short-lasting anaesthetic agent, Saffan, on respiratory-associated
rhythmic firing of mesencephalic neurone and integrated phrenic activity. A, control, PCO3
40 Torr. B, 2 min after i.v. infusion of Saffan. C, 10 min after cessation of Saffan infusion.
The anaesthesia caused rhythmic neuronal firing to disappear and almost total loss of all
firing, but little change of phrenic activity.
mesencephalic activity. Changes of period, TI and TE in the three groups were minor
and analysis of variance showed no significant differences (P > 0 05) in any of the
three variables among groups. These findings indicate that the rhythmic firing of the
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Ventilator-related effects
In addition to rhythmic activity in mesencephalic neurones that was associated
with neural respiration, we also found neurones that fired with each pumping cycle
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Fig. 9. Rhythmic firing of mesencephalic neurone related to expansion of chest by
ventilator (panel A). XVhen ventilator was off firing disappeared, to return as soon as it
was turned back on (panel B).
between firings of the neurone and expansions of the chest, indexed by the fall of
airway Pco2 and indicated by vertical dashed lines, can be seen (Fig. 9A). When the
ventilator was turned off, neuronal firing disappeared, only to resume with the first
chest expansion when the ventilator was turned on (Fig. 9B).
We found fifty-five neurones with this type of ventilator-related activity in twelve
cats. Eleven of these neurones were not tested during increased respiratory drive, so
cannot be classified. Of the remaining forty-four neurones, twenty-seven were of the
type (see Fig. 4, open circles) that did not develop a respiratory-associated rhythm
during increased drive; the neurone in Fig. 9 represents one of these.
The other seventeen neurones showed both the respiratory-associated rhythm and
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the ventilator-related rhythm at the same time. Figure 10 is an example of such a
neurone that showed only the central respiratory rhythm when the ventilator was
turned off (Fig. lOB) but added the ventilator-related component when the
ventilator was turned on (Fig. IOA).
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Fig. 10. Mesencephalic neurone which shows both respiratory-associated increases of
firing and those related to expansion of the chest by the ventilator (panel A). XVhen the
venVtilator has been turned off, only the respiratory-associated rhythmic firing remains
(panel B]).
There was an important difference in the latencies of the two types of response. It
can be seen in Figs 9 and 10 that the latencies from onset of chest expansion, indexed
by fall of airway Pa2l to mesencephalic firing are somewhere in the range of 01 to
0i3s, whereas the lateney of the response to central respiratory drive is much larger
(Fig. 10). We were able to compare the diferenes in two neurones with both
responses by averaging a number of cycles. The average latency for the ventilator-
related response was about 02 s in both neurones, whereas the latencies for
respiratory-associated responses were 08 s in one and 07 s in the other.
The findings were easiest to obtain in animals without pneumothoraces but in
three cats we found neurones with both rhythms even after pneumothoraces, which
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did not completely eliminate chest movements in our preparations. The ventilator-





Our study showed that the reticular formation (central tegmental field) of the
mesencephalon contains numerous neurones that were silent or irregularly tonic at
low respiratory drive, but which developed a clear change of firing with each
respiration, in late inspiration and post-inspiration as indexed by phrenic nerve
discharge. Most of the neurones showed an increase of firing rate but a few exhibited
a decrease of firing in the same portion of the respiratory cycle.
The incidence of these neurones was about one-fourth of those tested in a
systematic search in ten cats. As noted earlier, the neurones that we classified as
positive for developing a respiratory-associated rhythm were identified solely by
auditory cues from a loudspeaker and visual cues from an on-line analog recording
of nerve spikes. This conservative approach may have underestimated the number
of neurones that might have been identified as having a rhythmic component had a
computer-based statistical analysis been used, but it also avoided false positives.
The findings of our study contrast with those of Orem & Netick (1982), who found
no rhythmic mesencephalic neurones by sight and sound and only three inter-
mittently rhythmic neurones by statistical analytic methods. We believe that the
differences between the two incidences lies in our use of increased respiratory drive,
because we also found a very low incidence of neuronal rhythmicity when respiratory
drive was low, which would be the condition of the awake resting and sleeping cats
of Orem & Netick (1982). It is difficult to evaluate the high incidence of respiratory-
associated rhythmic mesencephalic neurones in the study of Vibert et al. (1979)
because of potential problems with the RMI statistical method (Netick & Orem,
1981) and a lack of separation of mesencephalic data from that of the pons and
thalamus. It is also possible that respiratory drive was increased in their awake,
unanaesthetized, paralysed and ventilated cats on whom extensive surgery had been
performed.
On the other hand, it seems clear that there is little to be gained in attempting to
study this question in anaesthetized animals, since it has been shown that anaesthesia
markedly reduces the activity of mesencephalic neurones (Syka, Popelar & Radil-
Weiss, 1977). We were able to find no rhythmic mesencephalic neurones even at high
respiratory drive in the one fully anaesthetized animal that we studied, despite
finding some tonically firing neurones. Furthermore, the administration of a short-
lasting anaesthetic, in an amount that did not cause a change of phrenic activity,
eliminated the mesencephalic rhythmic activity that had been induced by high
respiratory drive.
Our findings are consistent with an interpretation that medullary respiratory
neurones are the source of afferent signals that are driving the respiratory-associated
rhythm in mesencephalic neurones. We suggest that these signals represent a
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corollary discharge, activity that is sent in parallel from medullary neurones to the
mesencephalon and to phrenic and other respiratory motoneurones in the spinal
cord. We considered other possible sources of the rhythmic information: (1) it cannot
be from the lungs, because the vagi were cut in our preparation and, in any case, any
rhythm would have been related to the ventilator rather than to central neural
respiration, (2) oscillating output from the carotid bodies can be ruled out because
the carotid sinus nerves were cut and (3) our experiments with the spinal cord
transected at C1-C2 rule out afferent input from chest wall or muscles or afferent
signals in the form of a corollary discharge from phrenic or other respiratory
motoneurones.
We did consider the possibility that respiratory chemoreceptor (both central and
peripheral) inputs project directly to mesencephalic neurones and above, as has been
suggested by Kukorelli, Namenyi and Adam (1969) who showed a cortical EEG
response to carotid sinus nerve stimulation, and by Banzett, Lansing, Reid, Adams
& Brown (1989) who presented it as an alternative mechanism to medullary corollary
discharge to explain the sensation of 'air hunger' they could induce by hypercapnia
in ventilated quadriplegic patients. There are several reasons why this is unlikely.
First is that because of a long equilibration time, central chemoreceptor PCo2, pH and
activity do not oscillate rhythmically at normal respiratory rates (Millhorn, Eldridge
& Kiley, 1984). Second, the mimicked carotid body afferent input was in our
experiments continuous and not fluctuating. Although either of these inputs could
have depolarized mesencephalic neurones toward firing threshold, a source of
rhythmic activity related to neural respiration would still have been required to
produce our findings. Perhaps the most telling finding against a direct effect is that
the increased rhythmic firing of mesencephalic neurones induced by carotid sinus
nerve stimulation persisted after cessation of that input, as long as central neural
respiratory activity remained high enough during the respiratory after-discharge.
The grading of amplitude of rhythmic firing of mesencephalic neurones according
to the level of respiratory neural activity is, of course, consistent with the conclusion
that the neurones are being driven by a medullary corollary discharge. Nevertheless,
there appears to be a gating mechanism, or threshold, that requires medullary
activity to rise to greater than 40-50% of its maximum before it can affect
mesencephalic neuronal activity. Since neurones that were above-threshold and
tonically firing at low drive and those that were silent and below-threshold behaved
in the same way, it is likely that the gate is in the brain stem and not at
mesencephalic neurones per se.
The delay, or latency, from onset of phrenic activity (which reflects medullary
activity with a delay of only a few milliseconds) to increased mesencephalic neuronal
firing was far too long (often > 1 s) to reflect a direct synaptic connection.
Furthermore, although the onset of increased neuronal firing was always in the same
general area of the respiratory cycle (during the latter part of inspiratory activity
and in the post-inspiratory period), the delay (latency) was not fixed; it became
progressively shorter as respiratory drive and activity increased. This is clearly seen
in Fig. 5E. The timing and latency of activation of mesencephalic neurones with
relation to respiratory activity thus also support the existence of a threshold gating
mechanism.
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We also noted that when peak neuronal mesencephalic firing rate increased in
association with increased respiratory drive, there was also progressive prolongation
of firing of the neurone into more of the expiratory part of the respiratory cycle (e.g.
Fig. 5). In some neurones the increased firing rate continued throughout the cycle
(e.g. Fig. 1). Possible mechanisms include the possibilities that: (1) there is a
memory-like short term potentiation of mesencephalic neurones, so that increased
activity decays slowly enough that it cannot return to baseline before the next
inspiratory/post-inspiratory-related input occurs, (2) that expiratory medullary
neural activity, if large enough, stimulates mesencephalic neurones in a manner
similar to the inspiratory/post-inspiratory and (3) that increased tonic input from
another source is responsible. We have at present no evidence to support or refute
any of these.
In view of the existence of such variations of timing and duration of firing, we
believe that any classification of these mesencephalic neurones in terms of the usual
inspiratory, post-inspiratory, expiratory or phrase-spanning categories, which relate
to the motor function of the respiratory oscillator, is meaningless.
Ventilator-associated rhythm
Our experiments show that in addition to the stimulation of midbrain neurones
that is related to central inspiratory activity, there is also an activation associated
with expansion of chest and lungs during artificial ventilation. Because other sources
of ventilator-related rhythmic information, such as vagal and from carotid sinus
nerve, had been eliminated, we conclude that the signals must have originated in
chest wall or muscular receptors and have been transmitted via the spinal cord. This
interpretation is further supported by the abolition of ventilator-related rhythmic
firing of mesencephalic neurones by section of the spinal cord at C1-C2. It is
important to note that some of the neurones that responded to chest wall input also
responded to the central neural respiratory drive signals, although the different
latencies indicate that the two inputs are independent. These neurones thus provide
some integration of the two inputs.
Potential functional roles of these neurones
Modulation of respiratory rhythm
It is customary to assume that neurones that have or develop a respiratory-related
rhythm are involved in its generation or modulation. We suggest that this
assumption is not correct; an example can be found even in the medulla where
activity from respiratory neurones appears to drive rhythmic fluctuation of other
groups of neurones, such as the sympathetic, by means of a copy, or corollary
discharge, of the central respiratory drive potential (Preiss, Kirchner & I'olosa,
1975; Millhorn, 1986).
Another valid interpretation is that the increased firing of mesencephalic neurones
and development of a respiratory-associated rhythm are not necessarily involved in
modulation of the motor behaviour of the respiratory oscillator. Two findings from
our study support this idea: first is that there was no increase of neuronal activity
or development of rhythmicity at respiratory drives below about half of maximum
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respiratory output; the second is that loss of neuronal rhythmic activity following
anaesthesia had no effect on timing of respiratory period or its inspiratory or
expiratory components.
XVe are, of course. quite aware that we have not ruled out all possibility that at
high respiratory drive the rhythmic component feeds back, via mesencephalic or
thalamic-hypothalamic circuits in animals with intact brains, to the respiratory
oscillator to have some influence on rhythm. We would argue, nevertheless, that the
effect is small and perhaps not highly relevant to the major function being expressed
by the firing of these neurones.
T'ransmission of sensory information to rostral brain and the sensation of dyspnoea
We suggest that, rather than having to do primarily with modulation of
respiratory rhythm, the mesencephalic neurones we are studying are part of a
sensory pathway conveying information about the magnitude of central neural
respiratory drive, as well as spinally transmitted information from receptors in the
thorax, to thalamus and cortex.
The findings of other studies support this interpretation. It has been shown that
respiratory-related somatosensory cortical potentials can be evoked in awake human
beings by a sudden added inspiratory load brought about by occlusion of the airway
(Davenport, Friedman, Thompson & Franzen, 1986). The cortical response (P2 wave
of evoked potential) had a latency of about 170 ms. The authors were not certain as
to the source of the afferent information, but suggested that chest wall and
respiratory muscle afferents were good possibilities. We believe that the short-
latency ventilator-associated firings of mesencephalic neurones in our study may be
representations of the same mechanism.
Also pertinent to the present experiments are the studies of Kumagai, Sakai,
Sakuma & Hukuhara (1966) who measured electroencephalographic (EEG) activity
in various parts of the brain in paralysed, ventilated cats in which phrenic activity
was used to monitor and index breathing. They found midbrain activity (in one cat)
and sensory cortical activity (in a number of cats) that had a respiratory rhythm.
EEG activity appeared to be related to inspiration but onset of increased activity
was delayed from phrenic onset by more than a second; the activity continued from
late inspiration into early expiration. It will be recognized that this pattern is
essentially the same as found in our study with the mesencephalic neurones that are
driven by corollary discharge from medullary respiratory neurones. We therefore
suggest that the EEG activity found by Kumagai et al. (1966) represents the cortical
projection of the activity we found in the mesencephalic neurones.
A signal that reaches the sensory cortex carrying information from the medulla
about the magnitude of respiratory drive could be translated into a conscious
sensation. We suggest that the sensation ultimately generated may be the unpleasant
'sense of high respiratory effort', 'air hunger', 'shortness of breath' or 'dyspnoea'.
The recent study of Banzett et al. (1989) on human quadriplegics indicates that such
patients, despite the absence of innervation of the chest muscles and absence of
afferent feedback from the thorax, develop a sense of 'air hunger' during CO2
breathing, provided the hypercapnia exceeds some threshold level above the resting
value. The authors concluded that changes in muscular effort and air movement were
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not necessary to produce the sensation, and that the likely mechanisms were
projection of corollary discharge from brain stem respiratory centres to sensory
cortex and/or projection of chemoreceptor traffic to the cortex.
Our findings and interpretations of the increased firing rate and rhythmic
behaviour of mesencephalic neurons in response to increased respiratory drive
produced by chemoreceptor afferent input closely parallel those of Banzett et al.
(1989) about the sensation of 'air hunger' and respiratory drive. These include: (1)
a threshold for respiratory drive below which the sensation did not occur in their
study and increased mesencephalic neurone firing did not occur in ours, (2) spinally
mediated input from chest wall and respiratory muscles was not necessary for the
sensation or for the mesencephalic response to an inspiration, although our study
showed that chest movements makes a short-latency contribution, independent of
medullary respiratory neurones, to mesencephalic firing. The exception to their
interpretation is that we have not found good evidence that activation of the
mesencephalic neurones is caused by projections of chemoreceptor input per se.
If our hypothesis is correct that the mesencephalic neurones we have studied are
in a pathway carrying the sensation ultimately interpreted as dyspnoea, then it must
be concluded that both central respiratory drive activity and chest wall feedback
contribute to that sensation in intact subjects.
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